The amount of hydrogen dissolved into Fe-10Cr-0.08C-0$0.03S (mass%) steels during the steam oxidation at 923 K was measured by thermal desorption spectroscopy (TDS). The amount of dissolved hydrogen was found to be dependent largely on the steam oxidation resistance of the steels. In other words, it was much smaller in the sulfur-doped steels with good oxidation resistance than in the sulfur-free steels with poor oxidation resistance. Thus, we suggest that the hydrogen dissolution is one of the most important factors to understand the steam oxidation resistance of the steels.
Introduction
In recent fossil-fuel fired power plants, steam temperature has been increasing in order to raise the efficiency of power generation. 1) In response to this trend, strongly needed of late years are innovations of heat resistant ferritic steels with excellent steam oxidation resistance at elevated temperatures. It is generally known that high-temperature oxidation kinetics of metals and alloys obeys an Arrhenius-type equation, namely the oxidation rate increases with increasing ambient temperatures. 2) Many researchers have investigated high-temperature steam oxidation of heat resistant steels [3] [4] [5] and reported that the oxidation rate is much higher in steam than in air. [6] [7] [8] It is considered that this phenomenon is caused by hydrogen dissolution into the oxide scale formed on the surface of the steels during the steam oxidation. For example, Nakagawa et al. indicated experimentally that the hydrogen permeation through the steel from the steam side to the air side promoted to grow the oxide scale formed on the air-side surface. 7, 8) They also showed that there was a strong resemblance in the oxide-scale structure and thickness between the air-side surface and the steam-side surface. In other words, hydrogen induced ''steam-like oxidation'' occurred even at the air-side surface. These reports imply that hydrogen plays an important role in the accelerated oxidation phenomenon when the steels are exposed to the high-temperature steam atmosphere. Therefore, it is likely that the steam oxidation kinetics depends on the content of hydrogen to be dissolved from the gas phase into the specimen during the steam oxidation.
The purpose of the present study is to make clear the correlation between the amount of hydrogen dissolution during exposure to the high-temperature steam atmosphere and the steam oxidation resistance of the high chromium ferritic steels.
Experimental Procedure

Specimen preparation
In this study, three kinds of 10 mass% chromium ferritic steels were prepared by changing the sulfur content. According to our previous study, [9] [10] [11] the addition of sulfur into the steels could improve the steam oxidation resistance greatly. The chemical compositions of these steels are listed in Table 1 . The sulfur contents were less than 10 mass ppm in steel A, but about 150 mass ppm in steel B and 300 mass ppm in steel C.
The sulfur-free steel, A, was first prepared in a vacuum induction furnace. On the other hand, the sulfur-doped steels, B and C, were prepared by re-melting the sulfur-free steel together with proper amounts of sulfur in an arc furnace under a high purity argon gas atmosphere. Then, these sulfurfree and sulfur-doped steels were hot-worked at 1423 K, normalized at 1323 K for 1.8 ks and tempered at 1043 K for 5.4 ks. These steels were cut into the specimens with 5 mm Â 5 mm Â 50 mm. Each specimen was polished with emery papers up to #600 and cleaned in an acetone solution using an ultrasonic instrument.
Steam oxidation test
A schematic drawing of the system for steam oxidation test is shown in Fig. 1 . Every specimen was first set into a furnace equipped with a chamber made of an austenitic stainless steel, and then water was bubbled by argon gas for reducing the amount of dissolved oxygen in water under 3 ppb. Subsequently, argon gas was flowed into the chamber during heating. Then, the atmosphere in the chamber was exchanged at 473 K from argon to steam by switching on/off the pump for supplying water and the bulb for supplying argon gas. The steam oxidation test was started at the time when the furnace was heated up to 923 K. During the steam oxidation test, the specimen was exposed to the superheated steam at the pressure of 1 Â 10 5 Pa without argon mixing. After 360 ks was passed, the furnace was cooled down to either 723 K or 623 K while keeping the steam atmosphere in the chamber. At either temperature, the atmosphere in the chamber was purged with argon gas, followed by subsequent cooling to room temperature. After the steam oxidation test, the crosssection of the specimens was observed with a scanning electron microscope equipped with an energy dispersive Xray spectrometer (SEM/EDS). Also, the weight gain of each specimen was measured after the steam oxidation test.
Thermal desorption analysis of dissolved hydrogen
The hydrogen content in the specimen exposed to the steam atmosphere at 923 K for 360 ks was measured with a thermal desorption spectroscope equipped with a detector system of a gas chromatograph. Prior to each measurement, the gas chromatograph was calibrated with an argon gas containing 29.8 ppm hydrogen gas in order to quantify the hydrogen content in the carrier gas. As the carrier gas, a high purity argon gas (99.9999%) was employed in this experiment. However, traces of impurity gases, such as N 2 (<0:3 ppm), O 2 (<0:1 ppm), CO (<0:1 ppm), CO 2 (<0:1 ppm), THC (<0:1 ppm) and H 2 (<0:1 ppm), were contained in the carrier gas.
While this carrier gas was flowing at a constant rate of R flow ¼ 3:3 Â 10 À7 m 3 /s (20 ml/min), the specimen was heated up from room temperature to 1173 K at a constant rate of 5:6 Â 10 À2 K/s (200 K/h). During this heating, the hydrogen content in the carrier gas, x gas (vol ppm), was measured at every 300 s (5 min) interval. The hydrogen desorption rate, R des (mass ppm/s), was obtained from the following equation.
where M H 2 (kg/mol) is the molecular mass of hydrogen and w (kg) is the specimen weight. This analysis is based on the ideal gas volume, V ideal ¼ 2:24 Â 10 À2 m 3 /mol, at the standard temperature and pressure. Then, the total hydrogen content in the specimen, x total (mass ppm), was related to R des as follows.
where t (s) is the measurement time.
To confirm the hydrogen content in the steel before exposing to the steam atmosphere, the TDS measurement was carried out using the non-exposed specimen. Hereafter, this experiment was called a blank test. Also, the hydrogen desorption profile of the hydrogen-charged specimen was measured using the steel A. Hydrogen was charged electrochemically into the steel A for 432 ks (5 days) at a constant current density of 100 A/m 2 in a 100 mol/m 3 (0.1 mol/L) NaOH aqueous solution containing 4.2 mol/m 3 (1.0 g/L) Na 2 SÁ9H 2 O as a hydrogen recombination poison. 12) 3. Results and Discussion Figure 2 shows the cross-section SEM images of the oxide scale formed on the surface of the steels A, B and C, all of which were exposed to the steam atmosphere at 923 K for 360 ks. The scale structure composed of the outer iron-rich layer and the inner chromium-rich layer was similar among the steels irrespective of the sulfur content. Furthermore, the iron-rich layer consisted of two layers, one of which was a dense Fe 2 O 3 layer and the other was a porous Fe 3 O 4 layer. The Cr-rich layer consisted of (Fe,Cr) 3 O 4 mainly. However, the total thickness of the oxide scale was thinner in the sulfurdoped steels B and C than in the sulfur-free steel A. This result is consistent with our previous result [9] [10] [11] that the presence of sulfur in high chromium ferritic steels enhances steam oxidation resistance. Figure 3 shows the hydrogen desorption profiles obtained from the steels A, B and C without exposing to the steam atmosphere. No hydrogen desorption was observed until about 700 K in all the steels but the hydrogen desorption rate increased with increasing temperature over about 700 K regardless of the sulfur content in the steels. In this study, gas chromatography was employed as the hydrogen detecting method. In this kind of method, it is inevitable that the leak of impurity gases such as H 2 O occurs from the atmosphere to the specimen chamber. Thus, the source of the impurity components in the specimen chamber is not only in the carrier gas but also from the atmosphere. In addition, it is generally known that chemical reaction may occur more easily at higher temperatures. Therefore, the hydrogen gas detected over 700 K was probably formed by the chemical Water was pooled in the tank 1 and 2 for pre-reducing and reducing the amount of dissolved oxygen, respectively.
Sulfur effect on steam oxidation resistance
Hydrogen desorption observed in a blank test
reaction between the steel and the impurity components. As a result, a large amount of hydrogen was detected as shown in Fig. 3 . Such hydrogen measured at the temperature higher than 700 K was, however, of no interest in this study.
3.3 Change in hydrogen desorption profile with exchange temperature from steam to argon during cooling Figure 4 shows the hydrogen desorption profiles obtained from two kinds of specimens being the steel A. One was exposed to the steam atmosphere at 923 K for 360 ks followed by the furnace-cooling down to 623 K while keeping the steam atmosphere, and then the atmosphere in the specimen chamber was exchanged from steam to argon. The other underwent the same procedure except for the exchange temperature of 723 K being 100 K higher than the first one. As shown in Fig. 4 , the maximum hydrogen desorption rate was observed near 600 K in both specimens. It was about 1:3 Â 10 À4 mass ppm/s for the specimen with the exchange temperature of 623 K, but about 7:1 Â 10 À5 mass ppm/s for the specimen with the exchange temperature of 723 K. This indicates that the hydrogen desorption rate (i.e., the peak height in the figure) decreases with increasing the exchange temperature during the furnace-cooling. This is probably explained as follows. Since the exchange temperatures of 623 K and 723 K were higher than the peak temperature of about 600 K, a part of hydrogen dissolved in the specimens might diffuse out in the cooling process down to 600 K. As a result, the amount of hydrogen remaining in the specimen became small when the exchange temperature was high, because any steam was no longer present in the atmosphere at the temperatures lower than the exchange temperature. This caused the lower hydrogen desorption rate in the specimen exchanged at 723 K than at 623 K, as shown in Fig. 4 .
Comparison of hydrogen desorption profiles ob-
tained from specimens covered with and without oxide scale Figure 5 shows the hydrogen desorption profiles obtained from the specimens being the steel A with and without exposing to the steam atmosphere. These specimens were covered with and without the oxide scale, respectively. It was found that the different peak temperatures were observed in these specimens. Namely, the peak was observed near 600 K in the specimen exposed to the steam atmosphere (i.e., the specimen covered with the oxide scale), but near 450 K in the hydrogen-charged specimen without exposing to the steam atmosphere (i.e., the specimen covered without the oxide scale). This difference of peak temperature between the specimens with and without exposing to the steam atmosphere was derived from the surface conditions. Namely, hydrogen dissolved in the steel substrate was released at about 450 K. On the other hand, the peak temperature of about 600 K was caused by the oxide scale formed on the steel surface. This fact implies that hydrogen is dissolved into the oxide scale during the steam oxidation. Figures 6 and 7 show the hydrogen desorption profiles obtained from the steels A, B and C, all exposed to the steam atmosphere at 923 K for 360 ks followed by the furnacecooling down to 623 K and to 723 K, respectively. In both figures, the peak was observed in all the steels at the similar temperature of about 600 K. On the other hand, the hydrogen desoption rate in all the steels increased monotonously with increasing temperature over 1000 K. As mentioned in the section 3.2, the hydrogen detected over 700 K was probably caused by the reaction between the steel and the impurity components of argon gas in the specimen chamber. Therefore, our attention was focused on the peak appeared at about 600 K.
Correlation between the amount of hydrogen dissolution and steam oxidation resistance
As shown in Figs. 6 and 7, the peak was much larger in the sulfur-free steel A than in the sulfur-doped steels B and C. However, these profiles were obtained using the total weight of the oxide scale and the steel substrate into w in eq. (1). As mentioned in the preceding section 3.4, the hydrogen desorption peak observed at about 600 K is clearly correlated with the oxide scale. Then, assuming that hydrogen was dissolved into the oxide scale, we re-calculated the hydrogen desorption rate, R des 0 (mass ppm/s), using the weight of the oxide scale, w ox (kg), as follows.
The weight, w ox , was obtained from the following equation.
where M i (kg/mol) is the molecular mass of each oxide and x i (mol) is the number of each oxide moles. (5) reflects the ratio of the number of oxide-molecule moles to that of oxygen-atom moles. Since the surface area of the specimens is a constant value, l j =l total means the volume fraction of each layer in the scale. Also, since Áw is caused by oxygen atom corresponding to the amount of oxide formation, Áw=M O means the total number of oxygen-atom moles in the whole scale. Therefore, the number of oxygenatom moles in each layer is obtained using l j =l total and Áw=M O . Then, it is converted into the number of each oxide moles, x i , using the coefficient with each oxide in eqs. (5) . The hydrogen desorption profiles obtained using the weight of the oxide scale formed on the steels A, B and C are re-plotted in Fig. 8 . The hydrogen desorption rate in Fig. 8 is re-calculated using the same data in Fig. 7 . It was found that the peak was still much larger in the sulfur-free steel A than in both of the sulfur-doped steels B and C, even though the hydrogen desorption profiles were obtained using the weight of the oxide scale. This implies that the presence of sulfur suppresses the hydrogen dissolution into the specimens. On the other hand, as mentioned in the section 3.1, the thickness of the oxide scale was thicker in the sulfurfree steel A than in the sulfur-doped steels B and C. Therefore, the steam oxidation resistance of the steels decreases with increasing the amount of hydrogen dissolved into the oxide scale during the steam oxidation. However, the detailed mechanism still remains unknown.
Conclusion
In the present study, the amount of hydrogen remaining in the 10% chromium ferritic steel after the steam oxidation test was measured by thermal desorption spectroscopy. A relatively large amount of hydrogen was found to be dissolved into the sulfur-free steel with poor steam oxidation resistance. However, only a small amount of dissolved hydrogen was detected in the sulfur-doped steels with good steam oxidation resistance. This implies that the presence of sulfur in these steels suppresses the hydrogen dissolution into the specimen during the steam oxidation. Furthermore, the steam oxidation resistance of the steels decreases with increasing the amount of dissolved hydrogen. This indicates that the amount of hydrogen dissolution is related closely to the steam oxidation resistance of these steels. Therefore, such a hydrogen dissolution is crucial to understand high-temperature steam oxidation resistance of these steels. 
